v-The recurrent arteries of Heubner were studied in 30 unfixed human brains (60 hemispheres) obtained from routine autopsies of individuals with a mean age of 34 years. The arteries were injected with tinted polyester resin via cannulation of the internal carotid arteries, and dissected under microscopic magnification. The recurrent artery of Heubner was absent in two hemispheres and double in seven hemispheres, either with a separate origin (in two) or from a common stem (in five). The artery of Heubner had a mean outer diameter of 0.8 + 0.04 mm (range 0.3 to 1.5 mm) and a mean length of 23.4 + 1.1 mm (range 12 to 38 mm). It originated from the A2 segment of the anterior cerebral artery (ACA) in 57% of the specimens, from the junction of the ACA and the anterior communicating artery in 35%, and from the A, segment of the ACA in 8%.
I
N the past, many terms have been used to describe the recurrent artery. The term "Heubner s artery, was first used in 1909 by Aitken, after Heubner s classical description of the vessel in 1872. It Others named it the "telencephalic" or "arteria centralis longa, ''16 and "arteriae striaticae mediales. "2 In 1920, Shellshear ~3 added the term "recurrent." Since then, several extensive anatomic studies of the artery have been reported. With the advent of the surgical microscope, detailed knowledge of the microvascular relationships at the level of the anterior circle of Willis has become of paramount importance for surgeons dealing with diseases involving this region of the brain.
Several studies have described the anatomy of the anterior cerebral vascular complex involving the anterior cerebral artery (ACA), the anterior communicating artery (ACoA), and the recurrent artery. These were based on data derived either from formalin-fixed specimens, 2"3-5"7"16A9"24 or from the use of perfusion techniques. 12 brains which permitted detailed anatomic observations of the outer diameter, length, site of origin, arachnoid course variations, branching pattern, and point of penetration of the recurrent artery of Heubner.
Materials and Methods
Thirty unfixed human brains free of central nervous system disease were obtained at routine autopsy 4 to 8 hours post mortem; the individuals had a mean age of 34 years. Ninety-five percent were from men, and 80% were from blacks.
The specimens were immersed in Ringer's solution, and the internal carotid arteries were cannulated with No. 18 polyethylene catheters positioned at the level of the internal carotid bifurcation. They were held in place with 000 silk ligatures after both posterior communicating arteries had been ligated at the level of the origin from the internal carotid artery. The arteries were then flushed with approximately 300 cc of normal saline under controlled manual pressure (120 mm Hg). Unsaturated polyester resin was prepared with a mixture of monomer (40% to 45% styrene), catalyst (methylethyl ketone peroxide), and red pigmented resin (cadmium compounds in an ethyl hexanol vehicle) in a 10:1:1 ratio.* The preparations were injected manually until good cortical and basal arterial filling was evident.
We performed the dissections with microsurgical instruments under magnification using a Zeiss OPI surgical microscope with a K-1000 Pentax photographic * Polyester resin and catalyst supplied by Russ Simpson Co., Warren, Michigan; resin supplied by American Colors, Inc., Sandusky, Ohio. attachment of x 2 magnification.t The specimens were examined, exposing the ventral surface of the brain, and the designations of superior, inferior, anterior, and posterior were assigned in accordance with conventional anatomical positions (Fig. 1) . We recorded the site of origin of the recurrent artery, its length, outer diameter, course, branching pattern, and point of penetration in 60 hemispheres. A schematic drawing of the anterior circle of Willis was used to demarcate the point of penetration by plotting the entrance points into the brain of the vessels studied. A line representing the posterior communicating artery was used to indicate the separation of the medial from the lateral perforated space (Fig. 2) . The medial perforated space is limited laterally by the angle formed by the A~ segment of the ACA and posterior communicating artery; it is limited medially by the optic chiasm. The lateral anterior perforated substance-medial Sylvian fissure is located laterally to the angle formed by the M~ segment of the middle cerebral artery (MCA) and posterior communicating artery. The orbital surface of the frontal lobe is represented by the angle formed by the A, and M, segments of the ACA and MCA (Fig. 2) .
The branches of the recurrent arteries were counted, their outer diameter measured, and their course ana- lyzed in relation to the base of the frontal lobe, anterior perforated substance, and medial Sylvian fissure. Detailed schematic drawings of the normal and anomalous findings were made, and photographs of the more significant anatomic dissections were taken.
Results
Sixty-five recurrent arteries of Heubner were studied in 60 hemispheres. The following parameters were analyzed: frequency, incidence of doubling, diameter, length, site of origin, arachnoid course variations, branching pattern, and point of penetration. A double recurrent artery of Heubner was found in seven of the 58 arteries (12%), and in two hemispheres (3%) it was absent. This agrees with the findings of other authors, who have reported that this vessel is sometimes absent (Table 1 ). In five of the seven double cases, the artery arose from within the proximal 5 mm of the A2 segment of the ACA as a common trunk of variable length (3 to 9 mm) (Figs. 3 and 4). In the remaining two cases, two separate stems originated close (2 to 3 mm) to the A2 segment (Fig. 5) . In all instances of doubling, the vessel caliber was similar, and they both followed a parallel course up to the site of penetration into the brain (Figs. 3 and 5). Since specimens injected with polyester resin closely reproduced the caliber of the vessels in the physiological state, it was possible to make reliable diameter measurements under magnification. In 65 arteries (51 single and seven double), a mean diameter of 0.8 ___ 0.04 m m was found (range 0.3 to 1.5 mm) when measured at their origins. Similar results (including course and size) were obtained when the measurements were recorded in the unfixed brains and after the polyester resin injection.
The length of the recurrent artery of Heubner is difficult to determine, due to its multiple looping. Measurements should be made only after isolation o f the artery from the medial striate group of the MCA. double vessels with separate origins. In 57% of the cases (34 arteries), the vessel originated within the proximal 5 mm of the A2 segment of the ACA, while in 35% (21 arteries) it originated at the junction level. Only five vessels (8%) originated from the distal 5 m m of the A~ segment, and one of these arose from an orbitofrontal branch. All double arteries originated from the A2 segment of the ACA. The vessels originated at the lateral wall of the parent vessel in 83% of the cases, from the superior wall in 15%, and in 2% from the lateral wall of an orbitofrontal branch from the A~ segment. In the last instance, there was an unpaired ACA (an azygous artery, Fig. 6 ). The origins of the recurrent arteries were symmetrical in 30% (Fig. 2) . Three types of recurrent courses of this vessel were observed. In the Type I or superior course, seen in 41 (63%) of the 65 arteries, the artery followed the superior wall of the A I segment, was adherent to the Al segment in the first 5 to 10 m m by arachnoid strands (Fig. 7) , looped over the internal carotid bifurcation, and perforated the brain lateral to the MCA (Fig. 8) . In the Type II or anterior course, seen in 22 (34%) of the 65 arteries, the artery maintained an anterior position in relation to the A~ segment and had a few scattered arachnoid strands; its extracerebral course terminated lateral to the MCA after looping over the bifurcation of the internal carotid artery (Fig.  3) . The Type III or posterior course was seen in two (3%) arteries; these arteries took a posterior course in the anterior perforated substance (Fig. 9) . In one exceptional Type II case, the artery passed inferiorly to the MCA and penetrated the brain far laterally in the Sylvian fissure, 17 m m from the internal carotid bifurcation.
The point of penetration of the recurrent artery of Heubner was defined by plotting the entrance points from 65 arteries into the brain corresponding to a total of 85 terminal branches. There were 45 single, six double, four triple, and two quadruple terminal branches. In 45 (69%) of the 65 arteries, the recurrent artery perforated the brain as a single trunk, which was of similar outer diameter to that measured at the origin (Fig. 8) . The most frequent penetration point was found at the level of the lateral anterior perforated substancemedial Sylvian fissure in 60 (71%) of 85 branches. In 13 (15%) branches, the arteries perforated the brain at the orbital frontal lobe, and in 14% the vessels entered at the medial anterior perforated substance. In Fig. 2 , the boundary between medial and lateral anterior perforated substance is represented as an arbitrary line superimposed on the posterior communicating artery.
The perforating branches of the recurrent arteries at the level of the Sylvian fissure maintained a position superior to the striate groups arising from the MCA. In five cases (8%) the recurrent artery replaced the medial striate group, which was reduced to two or three small perforating branches. In 34 hemispheres in which the perforating branches of the MCA were dissected, three cases (9%) of extracerebral anastomosis were found between the artery of Heubner and the most medial lenticulostriated arteries.
The pial dissection in the polyester resin specimens permitted us to analyze first-division branching down to a diameter of 100 to 200 #. The olfactory branch was constant in 91% of cases, usually single, with a mean diameter of 0.3 + 0.03 mm. In most, it originated within the first 10 m m of the recurrent artery and divided into two or three terminal branches in the area of the olfactory sulcus (Fig. 6 ). An average number of 1.9 _+ 0.27 frontal branches were found running anteriorly on the frontal base; they had a mean diameter of 0.1 _+ 0.01 m m (Fig. 4, arrow 2) . The anterior perforating branches were larger in diameter (mean 0.4 _+ 0.03 mm); their average number was 2.5 + 0.2 (Fig. 4) . The Sylvian fissure branches were more numerous (mean 3 _+ 0.3), with a mean diameter of 0.4 + 0.03 m m (Fig. 8) . The total number of branches, excluding their terminal ramifications, had a range of 3 to 12 (mean 6.5 _+ 0.4). Figure 10 summarizes our observations on the diameter and number of branches of the recurrent artery of Heubner. The difference between the right and left side of the brains was not significant.
Discussion
Over the last few years, the use of the surgical microscope as well as improved injection techniques to study the vascular anatomy of the brain have provided a better definition of its anatomic structures. One of the major problems in the dissection of formalin-fixed specimens is the difficulty in differentiating fine vascular branches (100 to 200 # in diameter) from arachnoid strands.14 This problem was overcome by using colored casting resin in unfixed brains. The specimens were obtained soon after death (4 to 8 hours) and examined within 2 hours of injection; this permitted accurate measurements of the diameters and lengths of the vessels. Table 1 summarizes the findings of several authors with and without the use of the surgical microscope. 2, 5, 7, 12, [15] [16] [17] 19, 20, 24, 25, 27 Although the use of gelatin, india ink, aniline dyes, and other low-viscosity media has provided a good outline of the areas of supply to the brain (Table 1) , these techniques do not have the molding properties of the casting-type resins which allow better visualization of the arterial tree. Because the hardening process takes an average of 2 hours, the dissection can be performed without spilling the resin. It was thus possible to define in detail the arachnoid relationships with the vessels studied, particularly the association of the ACA, the AI segment, and the recurrent artery of Heubner.
Information about the frequency, doubling, mean and range values of the outer diameter, and length, origin, and course of the recurrent artery of Heubner is valuable to the surgeon who is considering vascular procedures that involve this vessel. The recurrent artery has been described as originating from the internal carotid, middle cerebral, or anterior choroidal arteries. tration and areas of supply, it can safely be assumed that those cases would correspond to large perforating vessels off the proximal A~ segment, internal carotid, anterior choroidal, or proximal middle cerebral arteries.
From the data obtained intraoperatively in 283 patients, Ya~argil and Smith 27 reported that in 85% of the cases the recurrent artery of Heubner takes off at the same level on both sides. However, in our study, only 30% of the origins were found to be symmetrical. Dunker and Harris 7 described the recurrent artery of Heubner as originating directly opposite to the ACoA in 90% of the cases (28 brains studied). In Perlmutter and Rhoton's work, 2~ it originated from the Az segment in 78% of the cases, from the A~ segment in 14%, and at the level of the ACoA in 8% (50 brains studied). In 95% of the cases, it arose from within 4 mm of the ACoA. Based on their study of 177 brains, Kribs and Kleihues u detailed the frequency of variations; in over half of the cases, the artery originated bilaterally at the ACoA, or within 5 mm either proximal or distal to it. We obtained similar results: the recurrent artery originated from the A2 segment (proximal 5 mm) in 57% of the cases, from the ACA-ACoA junction in 35%, and from the A~ segment in 8% of the cases (Fig. 2) .
Several authors have studied the microvascular anatomical relationships of the recurrent artery. In Perlmutter and Rhoton's work, 2~ the artery coursed anteriorly to the A~ segment in 60% of the cases and superiorly in 40%. Dunker and Harris 7 described the intimate relationship of the vessel with the most distal 7 mm of the Aj segment, and pointed out that inadvertent occlusion of the artery could easily occur if a clip was placed at that level.
This particular feature is shown in the Type I course (Fig. 7) , where the adventitia-arachnoid adherence between the two vessels may extend along the superior wall of the Aj segment. In Type II, random arachnoid trabeculae were observed along the course and, in Type II[, the recurrent artery traversed the anterior perforated space free of arachnoid strands. Detailed features of the arachnoid surface by light and scanning microscopy have been described previously. 6 Most studies have indicated that the most lateral anterior perforated space is the main area of penetration of the recurrent artery (Table 1 ). In this study it was defined more precisely. The entrance points of the vessels into the brain were plotted on a drawing of the anterior circle of Willis (Fig. 2) .
Perlmutter and Rhoton 2~ found an anterior perforated substance-Sylvian fissure penetration in 80% of the arteries studied when all branches were included. The remaining 20% passed to the inferior surface of the frontal lobe. The average number of recurrent artery branches (including terminal branches) was 4.2. Our results, based on the first division branching, showed a high number (mean 6.5 _+ 0.4), because better visualization of the fine branches was possible in injected specimens after careful pial dissection (Fig. 10) .
Several studies ( Table 1 ) have shown that selective injection of Heubner's artery will perfuse the anteriorinferior striatum, anterior limb of the internal capsule, olfactory region, and anterior hypothalamus, with some overlapping with the perfusion territory of the perforating vessels from the proximal ACA. Furthermore, Kribs and Kleihues ~ 5 demonstrated secondary areas of supply in the frontobasal cortex and subcortical white matter of the frontal lobe. This would certainly correspond to the first-subdivision branching classification at the extracerebral level that we have adopted.
The relationship of the recurrent artery with the perforating branches from the MCA was found to be fairly constant, with Heubner's artery coursing superiorly to the medial striate group. A balance ofperfusion territories seems to exist between the ACA and MCA. This was seen in 8% of our cases where a large-caliber recurrent artery replaced a medial striate group of two to three small perforating vessels. In 9% of the cases, extracerebral anastomoses were observed between the two vessels in 34 dissected hemispheres. This finding would support the phylogenetic concept ofAbbie, ~ who interpreted the recurrent artery in humans as the remnant of the anastomosis around the paleo-olfactorium between the ACA and MCA found in lower vertebrates.
In any approach to the ACoA junction (pterional, subfrontal, or anterior interhemispheric), the recurrent artery of Heubner should be looked for at the level of its origin either from the A2 segment (57% of our cases) or from the junction of the A~ and A2 segments (35% of our cases). Dissection of the artery is mandatory if temporary clipping of the proximal A~ segment of the ACA is contemplated. 26 Often, multiple arachnoid strands reaching from the recurrent artery to the A~ segment will be found along its wall (Fig. 6 ). This particular relationship was seen in 65 % of our cases, in contrast to the reports of Perlmutter and Rhoton, z~ who found the recurrent artery of Heubner coursing anteriorly to the At segment in 60% of their cases (34% of our specimens).
An attempt should be made to dissect the recurrent artery of Heubner from the dome of an aneurysmatic lesion. If the artery is involved in the wall, section and reimplantation of the vessel into the At segment should be considered, thus avoiding injury of the vessel. The same procedure can be applied to cases in which an atherosclerotic plaque occludes the origin of the recurrent artery of Heubner, as in one of the cases seen at autopsy. During dissection, the recurrent artery should not be confused with the orbitofrontal and frontopolar branches, which may adhere to large ACoA aneurysms. Knowledge of this anatomical relationship is particularly important when an anterior interhemispheric approach is used and the A2 segments are first exposed. In these instances, the recurrent artery of Heubner may originate from the first 5 mm of the A2 segment (57% of our cases). Because the vessel has multiple loops, and an adequate outer diameter (0.8 to 1.2 mm in 41 (63%) of the 65 arteries), it is suitable for microvascular reconstructive procedures. Current work in this field is underway in our laboratory.
It is difficult to define the clinicopathological conditions for which the recurrent artery may be responsible. Critchley 3 described an infarction in the mediobasal striatum associated with thrombosis of the Heubner's artery. Kribs and Kleihues z5 reported six cases from 400 autopsies of injected specimens in which areas of infarct were supplied by the recurrent artery; in only three cases could the pathogenesis be established: one atheromatous plaque at the origin and two with ruptured ACA-ACoA aneurysms. In other previously reported patients, 4'9'~~ the infarct was caused by clipping of one or both ACA's. Clinical analysis of the patients reported by Kribs and Kleihues, ~5 did not permit them to define an isolated recurrent artery syndrome. Despite previous attempts to incriminate the recurrent artery for the hemiparesis with brachial predominance and involvement of the face, palate, and tongue 3"~6 that may occur during surgery for an aneurysm of that area, Dunker and Harris v believed that the most proximal perforating branches of the A] segment, injured at surgery, are responsible for the deficit. Further work is needed to clarify this issue.
In the present study, the use of the tinted polyester resin injection technique, coupled with microsurgical dissection, proved suitable for detailed microanatomic studies of the cerebral vasculature, because it offered better resolution that that obtained with formalin-fixed specimens or with low-viscosity media. Due to the molding properties of the material used, the cerebral vessels can be reproduced under almost in vivo conditions. As a result, we have been able to make accurate measurements, identify the course and branching patterns, differentiate the fine vascular branches from the arachnoid strands, and establish precise morphological relationships. These data can provide microanatomic knowledge for surgery of aneurysms in the anterior circle of Willis or for potential vascular reconstructive procedures in which the recurrent artery of Heubner might be involved. Furthermore, as the field of interventional neuroradiology develops and magnificationsubtraction techniques improve, these data can be used as an anatomic guide to intravascular navigation procedures that involve regional metabolic studies, as well as to the treatment of aneurysm and arteriovenous malformations of the central nervous system.
